In this work, we used the modi¯ed Hummers method to synthesize graphene oxide, and the redox reaction of FeCl 3 Á 6H 2 O with the carboxyl group on the surface of acidi¯ed graphene was carried out to prepare magnetic nanoparticles modi¯ed on the surface of graphene (magnetic graphene nanocomposite). X-ray di®raction (XRD), Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM), Vibrating Sample Magnetometer (VSM) and Brunauer-EmmettTeller measurement (BET) analyses were used to characterize the nanocomposite properties. SEM and TEM images of the nanocomposite show that the magnetic nanoparticles are distributed on both sides of the graphene, and the magnetic nanoparticles diameter is between 100 and 150 nm. The XRD pattern indicates that the magnetic nanoparticles are Fe 3 O 4 nanoparticles. Based on the VSM, the nanocomposite exhibits a saturation magnetization value of 14.94 emu Á g À1 . By BET measurement, the speci¯c surface area of the nanocomposite is 26.54 m 2 Á g À1 , and the surface of the nanocomposite is highly porous. In the experiment of dyes adsorption, the adsorption e±ciency in the solution was close to 100%. It can be applied in biomedical and environmental¯elds such as water puri¯cation owing to its high surface, magnetic attraction properties and good adsorption e±ciency.
Introduction
The research and development of nanoscale materials have drawn much attention in the¯elds of chemicals/biomolecules puri¯cation and enrichment, biosensing, targeted drug delivery, disease diagnosis, medical imaging, environmental toxin separation or removal, and water puri¯cation. [1] [2] [3] [4] [5] [6] [7] [8] The magnetic nanoparticle is one of the most crucial nanoscale materials. It can be used in many¯elds because of its unique properties. It can be considered for tumor-targeted drug delivery vectors because the magnetic nanoparticle can be remotely controlled to move by an external magnetic¯eld. It also can be used in a tumor hyperthermia treatment by heating magnetic nanoparticles with an alternating magnetic¯eld. The magnetic nanoparticle is usually regarded as a maker in the biometric identi¯cation as well, and it can be sensed utilizing magnetoresistance or nuclear magnetic resonance. As we know, the magnetic nanoparticle has superparamagnetic characteristics and retains no net magnetic moment in the absence of an external magnetic¯eld. It can disperse well in the solution because it does not attract an other such particle and accumulate. Once the magnetic¯eld is applied, the net magnetic moment appears, and it is easy to collect by a magnet. The magnetic nanoparticle is also an environmentally friendly material because it can be recycled and reused easily. 5, [9] [10] [11] [12] Additionally, the magnetic nanoparticle such as Fe 3 O 4 nanoparticle is widely applied in many other¯elds including biomolecule puri¯cation and environmental toxin or pollutant adsorption because of its high biocompatibility and low cost. The standard adsorption/puri¯cation/ separation process with the magnetic nanoparticle is shown in Fig. 1 .
Graphene (G) is composed of sp 2 carbon atoms arranged in a honeycomb lattice structure, and this two-dimensional material has many excellent properties including ultra-high speci¯c surface area, high intrinsic mobility, high Young's modulus, thermal conductivity and good electrical conductivity. [13] [14] [15] The structure of graphene is a double-sided polycyclic aromatic sca®old which provides enormous speci¯c surface area and large delocalized -electron system. 16 As the fundamental structural component of other carbon allotropes, graphene as attracted more attention than other allotropes. 9 So far, there are many methods for preparing graphene in the literature. One of the most popular strategies is oxidizing graphite powder to graphene oxide (GO) and then reducing the graphene oxide to reduced graphene oxide (RGO) using suitable reducing agents including sodium hydroxide, 17 hydrazine, 18 borohydride 19 and ascorbic acid. 20 The modi¯ed Hummers method is one of the most popular methods for preparing graphene oxide. Both graphene and graphene oxide are excellent adsorbents. 21, 22 Graphene is usually considered as nonpolar and hydrophobic; in contrast, graphene oxide is commonly applied as polar and hydrophilic owing to its large quantities of polar moieties including hydroxyl, carboxyl and epoxy groups. 23 At present, graphene and graphene oxide are usually used as nano-therapeutics to load small molecules, such as antibodies, DNA and proteins. 1, [24] [25] [26] [27] It also can be used to adsorb and extract illegal additives in food or toxic substances in the environment for further analysis.
The thickness of graphene is only one to several atomic layers, and it has a large speci¯c surface area. 28, 29 Once the magnetic nanoparticles are chemically bonded on the surface of graphene, a nanocomposite of magnetic nanoparticles modi¯ed on the acidi¯ed graphene surface (magnetic graphene nanocomposite) is obtained. The two sides of the graphene in the nanocomposite are¯lled with magnetic nanoparticles, which exerts the advantage of the large speci¯c surface area of the graphene and prevents the agglomeration of the magnetic nanoparticles. 30 In magnetic graphene nanocomposite, the unreduced carboxyl group on the surface of graphene is negatively charged at pH ¼ 7.0, so it is easy to absorb the positively charged molecules such as the drug molecule doxorubicin, the dye methylene blue in environmental sewage, the pigment chrysoidine in the soy products and so on. As a kind of adsorbent in water treatment, magnetic graphene nanocomposite can be separated from water quickly after adsorption saturation. On the other hand, it is easy to regenerate rapidly, and the adsorption e±-ciency of the nanocomposite after regeneration is still excellent in water treatment. 31 More than 844 million people in the world still do not have the opportunity to drink safe water, although the development of science has always been centered on human health. 32 Water pollution is a leading global factor for disease, illness and death. [33] [34] [35] It is also worth noting that nearly 2 million children under the age of 5 die each year because of water safety issues. 36 Water pollution also has some bad e®ects on plants and organisms living in rivers, lakes, oceans, streams and groundwater. [37] [38] [39] It is mainly from random discharge without adequate treatment of industrial wastewater, and there are many toxic pollutants including heavy metal ions, organic waste and dyes in industrial wastewater. 40, 41 So the development of good adsorption materials to purify water is an urgent problem to be solved.
Magnetic graphene nanocomposite is a wellknown adsorbent in water puri¯cation. Three common methods used for synthesizing magnetic graphene nanocomposite are a one-step synthesis, covalent functionalization and in-situ growth, respectively. Simply mixing graphene and Fe 3 O 4 nanoparticles under ultrasonication or vibration was used to prepare magnetic graphene nanocomposite in the one-step synthesis method. 42 The Fe 3 O 4 nanoparticles get physically attached on the surface of the graphene, so the nanocomposite is not stable enough to be recycled. The one-step synthesis method has been used for synthesizing Fe 3 O 4 @SiO 2 / graphene successfully. 42 The covalent functionalization method is also typically used for preparing magnetic graphene nanocomposite. The Fe 3 O 4 nanoparticles were¯rst modi¯ed with a silane coupling agent to introduce an amino group onto the surface of the nanoparticles, and the silane coupling agent was composed of (3-aminopropyl) triethoxysilane (APTES) and tetraethyl orthosilicate (TEOS). Then, the amino group surface-modi¯ed Fe 3 O 4 nanoparticles were immobilized onto the graphene oxide surface by amidation reaction using the cross-linking 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and n-hydroxysuccinimide (nHS). 43 And¯nally, magnetic graphene nanocomposite was obtained from the chemical reduction of graphene oxide. 44, 45 Some residual oxygen-containing functional groups on the RGO surface were to a®ect the reaction with the Fe 3 O 4 nanoparticles because it was impossible to completely remove the oxygen-containing functional group from the graphene oxide surface by chemical reduction or thermal reduction of graphene oxide. 46 The in-situ growth (including chemical co-precipitation and hydrothermal synthesis method) is another conventional method used for the synthesis of magnetic graphene nanocomposite. Graphene is easy to adsorb onto Fe 3 O 4 nanoparticles carriers due to its strong hydrophobicity. 47 The chemical co-precipitation is based on Fe 3þ /Fe 2þ co-precipitation by the addition of an ammonia solution into a mixture of Fe 3þ /Fe 2þ and graphene at high temperature. 48, 49 Although chemical co-precipitation is a simple method, the morphology and distribution of Fe 3 O 4 nanoparticles are di±cult to control in the prepared nanocomposite, and their shapes and sizes are a®ected by various conditions such as pH, temperature, salt types, ionic strength and the ratio of Fe 3þ /Fe 2þ . The distribution of Fe 3 O 4 nanoparticles on the surface of graphene shows a strong tendency to aggregate, so a large number of adsorption sites on the surface of graphene will be occupied to lower the adsorption capacity. The appearance of the hydrothermal synthesis method improves the above situation, and the magnetic graphene nanocomposite was prepared by reducing Fe 3þ and graphene oxide in the presence of polyethylene glycol and sodium malonate in an autoclave. 50, 51 Compared with chemical co-precipitation, the morphology of the Fe 3 O 4 nanoparticles prepared by hydrothermal synthesis was easier to control, and the Fe 3 O 4 nanoparticles can be uniformly distributed on the surface of graphene. As a result, a large number of adsorption sites on the surface of graphene are exposed, and the adsorption capacity is signi¯cantly increased. At present, the hydrothermal synthesis method has gradually become the primary method for manufacturing magnetic graphene nanocomposite. In this paper, an improved hydrothermal synthesis method was used for the preparation of magnetic graphene nanocomposite.
In this paper, the modi¯ed Hummers method was used to prepare graphene oxide. The hydrazine hydrate was used for reducing the graphene oxide to graphene in an alkaline environment. The graphene was acidi¯ed by nitric acid and covered by carboxyl groups. The magnetic graphene nanocomposite was prepared by the redox reaction between FeCl 3 Á 6H 2 O and the acidi¯ed graphene which was covered by carboxyl groups. Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM), X-ray di®raction (XRD), Vibrating Sample Magnetometer (VSM) and Brunauer-Emmett-Teller measurement (BET) analyses were also used to characterize the nanocomposite properties. The coloring dye rhodamine B, methylene blue, malachite green, neutral red and chrysoidine were selected for adsorption studies. 3 and HCl were purchased from Luoyang Chemical Reagent Co., Ltd. Methylene blue, rhodamine B, chrysoidine, malachite green and neutral red were acquired from Shanghai Aladdin Chemical Co., Ltd. All the chemicals used were of analyticalreagent grade. Fresh tap water was collected from lab daily.
Material and Methods

Chemicals and reagents
The size and surface morphology analysis of the nanoparticles were conducted on a JEOL TEM 1200EX TEM and a Thermo Fisher FEI Inspect F50 scanning electron microscope, respectively. Surface area and pore size of nanocomposite were measured on Micromeritics Instrument TriStar II 3020 Series High-Performance Multichannel Fully Automatic Surface Area and Porosity Analyzer. The nanocomposite X-ray di®ractometer patterns were recorded on a Bruker D8 X-ray di®ractometer.
Preparation of the magnetic graphene nanocomposite
The modi¯ed Hummers method was used to prepare graphene oxide. 52 The detailed process was as follows: 5.0 g°ake graphite powder and 5.0 g NaNO 3 were successively added into a 500 ml three-necked°a sk. 200 ml concentrated H 2 SO 4 were next added 2 h into the°ask by a constant pressure dropping funnel. The mixture was kept in an ice bath for 1 h under mechanical stirring. 20.0 g KMnO 4 was then put slowly into the°ask for 1 h, and the mixture was continuously placed in the ice bath for 24 h. After the ice bath, the mixture was put in a 38 C oil bath for 24 h. Subsequently, transferred the°ask into the ice bath, and 100 ml secondary deionized water was added into the°ask by a constant pressure dropping funnel. Two hours later, the H 2 O 2 (30%) solution was added dropwise with a rubber pipette under mechanical stirring until no gas was generated. The mixture was washed with 1000 ml of 0.1 M HCl solution and then washed with secondary deionized water until the pH value reached 7.0. Finally, the products were dried in a freeze drier and the graphene oxide was obtained. 300 mg graphene oxide was dissolved in 300 ml secondary deionized water, and the mixture was ultrasonically treated for 1 h to form a homogeneous dispersion. Then, the mixture was mixed with 4 ml hydrazinehydrate diamidhydrate (b.p. 118.5 C) and 0.6 g KOH, and the resultant dispersion was heated at 98 C (lower than 118.5 C) for 24 h under magnetic stirring. The processes should be carried out very carefully in a glove box or fume hood because hydrazinehydrate diamidhydrate is highly toxic and carcinogenic. Afterwards, the gained products were washed with methanol and secondary deionized water thoroughly and dried in the freeze drier. The graphene was obtained. 53 500 mg graphene was dispersed into 62.5 ml concentrated nitric acid (b.p. 83 C) in a 60 C (lower than 83 C) water bath under magnetic stirring for 7 h. The processes should be carried out very carefully in a glove box or fume hood because concentrated nitric acid is corrosive. Afterward, the gained products were washed with secondary deionized water until the pH value of the solution was 7.0 and then dried in the freeze drier. The acidi¯ed graphene was obtained. 
Results and Discussion
SEM and TEM characterization
As shown in the images of SEM and TEM, the graphene oxide is easy to wrinkle because its thickness is only one-to-several atomic layers and some of those°at sp 2 bonds of graphene are replaced by bent sp 3 bonds in graphene oxide. Figures 3(a) and 3(c) are¯lm-like graphene oxide with wrinkles on the surface, and it is an inherent feature of graphene oxide. These wrinkles can stabilize the two-dimensional structure of graphene oxide from the perspective of macroscopic dynamics. In the microscopic structure, these formed wrinkles can form more wrinkle holes so that graphene oxide has a larger speci¯c surface area. Fig. 3(f) . Besides, there are thin layers of graphene existing on both the upper and lower surfaces of the Fe 3 O 4 nanoparticles. Consistent with the SEM image in Fig. 3(b) , the TEM image in Fig. 3(d) 
XRD measurement
The wide-angle XRD measurement has a strong di®raction peak at approximately 25 indicating the presence of graphene layers in the nanocomposite. The di®raction peaks around 30 , 36 , 43 , 56 and 62 are consistent with the peaks of Fe 3 O 4 nanoparticles, as shown in Fig. 4 . It is therefore that the magnetic nanoparticles in the nanocomposite are Fe 3 O 4 nanoparticles.
VSM characterization
The magnetic graphene nanocomposite is also characterized by VSM. As shown in Fig. 5 , the inset in the upper left corner, the VSM curve of the nanocomposite passes through the origin and its saturation magnetization value is 14.94 emu Á g À1 . The magnetization curves indicate that the nanocomposite is superparamagnetic without any hysteresis behavior. Magnetic-nanoparticle/graphene has signi¯cant ferromagnetic/diamagnetic characteristics. These two opposite characteristics exist simultaneously in the magnetic graphene nanocomposite. As illustrated in the inset in the lower right corner of Fig. 5 , the nanocomposite can be completely attracted to the bottle wall by a magnet. Therefore, we can conclude that the ferromagnetic force from magnetic nanoparticles e®ectively is much larger than the diamagnetic force from graphene in this magnetic graphene nanocomposite.
BET measurement
To study the surface properties of the nanocomposite, the nitrogen adsorption-desorption isotherm of the magnetic graphene nanocomposite was measured at 77 K (Fig. 6 ). The isotherm is consistent with the typical type III isotherm. The adsorption interaction between the solid powder and the adsorbate is less than the interaction between the adsorbates. The curve rises slowly at a relative pressure of 0.0-0.8, and there is no in°ection point because of the quite weak interaction between the adsorbent and the adsorbate. When the relative pressure is 0.8-1.0, the curve rises sharply because the capillary condensation process occurs. The high amount of nitrogen adsorption indicates that the material surface is hugely¯lled with pore structure. The total BET measurement surface area of the magnetic graphene nanocomposite is 26.54 m 2 Á g À1 .
Adsorption of dye molecules
Five kinds of coloring dyes (methylene blue, rhodamine B, chrysoidine, malachite green and neutral red) were selected as the target analytes. The detailed adsorption process is shown in Fig. 7 
Conclusion
An e±cient adsorbent, the magnetic graphene nanocomposite, was fabricated by a simple redox reaction between FeCl 3 Á 6H 2 O and the carboxyl group on the surface of acidi¯ed graphene. The nanocomposite exhibits a high adsorption e±cien-cy for methylene blue, rhodamine B, chrysoidine, malachite green and neutral red. The adsorption e±ciencies are 100.00%, 99.54%, 99.55%, 97.44% and 97.87%, respectively. Based on the excellent adsorption experiment results, the utilization of the simple redox reaction for preparing the magnetic graphene nanocomposite is an e®ective strategy for the removal of dyes from aqueous solutions. However, there are still some challenges in fabrications and applications of this magnetic graphene nanocomposite. One of the main challenges is the lack of a mass production method for producing high-quality graphene. The morphology and chemical properties of graphene are very sensitive to the preparation method. If the number of layers, shape and lateral dimensions of graphene in the composite material are not uniform, it is di±-cult to ensure the repeatability and reproducibility of the analysis process. In addition,the preparation process of graphene oxide produces a large amount of acidic wastes,which are harmful to the environment. To increase the adsorption ability further, 3D porous graphene structural materials is a future development direction perhaps because porous structures can eliminate matrix interference by controlling the size of pores. However, the synthetics of uniform 3D porous graphene structural materials is still a huge challenge now. Therefore, increased attention will continuously focus on these challenges to develop an e±cient magnetic adsorbent in the future.
